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The coagulation of hemoglobin takes place in two steps  (7,  5,  6). 
The first step is denaturation, a chemical change in the protein which 
makes it insoluble around its isoelectric point.  The second step is 
merely the precipitation of the insoluble denatured protein.  It has 
hitherto been believed that denaturation is irreversible. 
The preceding paper  (4)  has already described the preparation of 
completely coagulated hemoglobin and has given the evidence that the 
denaturation and coagulation of hemoglobin are in all known respects 
like the denaturation and coagulation of other proteins such as egg 
albumin.  The first part of this paper describes the preparation from 
completely coagulated hemoglobin of soluble, apparently native hemo- 
globin.  The second part gives the evidence that this soluble protein 
is the same as the original native hemoglobin which had never been 
modified.  From these experiments the conclusion is drawn that the 
coagulation of hemoglobin is reversible.  Since hemoglobin is a typical 
coagulable protein, if the coagulation of hemoglobin is reversible then 
the  coagulation of  proteins in  general is  probably reversible.  The 
coagulation of other proteins, in particular globin and the tissue pro- 
teins, and the biological significance of coagulation will be discussed 
in later papers. 
Part  I.  The  Preparation of  Soluble Hemoglobin from  Coagulated 
Hemoglobin 
If an acid or alkaline solution of completely coagulated hemoglobin 
is neutralized all the protein is precipitated.  If, however, before com- 
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plete neutralization the solution of denatured hemoglobin is allowed 
to stand in slightly alkaline solution under conditions to be described, 
then on  complete neutralization  only a  part  of  the protein  is  pre- 
cipitated.  The  remaining  soluble  part  is  the  apparently  reversed 
hemoglobin.  How much of this  soluble apparently reversed hemo- 
globin is obtained depends, other factors being constant, on the state 
of the prosthetic group, heine, and on the species of the hemoglobin. 
In the case of the ox hemoglobin, if the heme is  in the oxidized 
state,  very little soluble hemoglobin is obtained from the coagulum. 
If a little of the reducer, sodium hydrosulfite, is added, much more is 
obtained.  And if cyanide is added still more is obtained. 
In the case of horse hemoglobin, practically no soluble protein is 
obtained from the coagulum whether the heme is either oxidized or 
reduced.  When cyanide is used, however, about 30 per cent of the 
denatured protein yields soluble crystalline apparently native horse 
hemoglobin.  Because it can be crystallized most of the experiments 
have been done with horse hemoglobin. 
The results with ox hemoglobin show that cyanide is not essential 
for the apparent reversal of coagulation.  And even though cyanide 
appears to be necessary for an adequate yield with horse hemoglobin, 
neither the initial  soluble nor the final soluble product is  combined 
with cyanide.  So the question of the function of the cyanide is sepa- 
rate from the question of whether denaturation is reversible. 
The experiments with horse hemoglobin show clearly that the mere 
fact that denaturation cannot be reversed under a given set of condi- 
tions does not mean that denaturation cannot be apparently reversed 
under other more suitable conditions. 
It is to be expected that the state of the prosthetic group and the 
species of the hemoglobin should influence the ease of the apparent 
reversal  of  denaturation  because  these  same  factors  are  known  to 
influence the ease of denaturation itself.  Some henloglobins are more 
readily  denatured  than  others  and  methemoglobin is  more  readily 
denatured than oxy or carbon monoxide hemoglobin.  That the heme 
part of the hemoglobin molecule should modify its protein properties 
is not surprising.  We have already shown (2) that the globin part of 
the molecule modifies greatly the properties of the non-protein heme 
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The mechanism of the effect on apparent reversal of the reducer, 
Na2S~O4 and of cyanide is not yet understood.  It is not even certain 
that Na2S,O4 and CN act solely on the non-protein part of hemoglobin. 
It might be desirable, nevertheless, to recall the reactions of cyanide 
with  the  various  hemoglobin derivatives.  Cyanide combines  with 
both oxidized and reduced heine when the heine is joined to denatured 
globin but only with oxidized heme when the heine is joined to native 
globin.  In other words, cyanide combines with hematin, hemochro- 
mogen and  methemoglobin but  not  with  oxy,  carbon  monoxide or 
reduced hemoglobin. 
One step in the procedure for obtaining apparently reversed horse 
hemoglobin consists in dissolving the coagulated protein in a  slightly 
alkaline  solution  containing cyanide.  It  is  desirable  to  buffer  the 
solution in order to protect the protein which is sensitive to alkali. 
The dissociation constant of hydrocyanic acid is 72 X  10  -~°, about the 
same as that of boric acid.  Mixtures of NaCN and HC1 may accord- 
ingly be used as buffers in the region around pH 9.14.  Cyanide, then, 
is  used in  these  experiments for two  entirely different purposes,  to 
facilitate apparent  reversal by reacting with denatured hemoglobin 
and as part of a  buffer mixture to maintain a  suitable hydrogen ion 
concentration. 
Technique for Apparent Reversal of Coagulation 
Heat Coagulated Ox Hemoglobin.  A hemoglobin solution is prepared from ox 
blood by laking the washed corpuscles with ether.  To 1 cc. of the  hemoglobin 
N 
solution are added 8 cc. of water and 1 cc. ~ HC1; the solution is then heated at 
80°C. for 3½ minutes.  While  at 80°C. a mixture of 3 cc. ~ KH2PO4 and 2½ cc. 
N 
NaOH is added so as to bring the pH to 6.8.  The suspension is cooled and then 
filtered.  The filtrate is clear and colorless.  When  boiled it turns only faintly 
opalescent indicating that practically all the hemoglobin has been coagulated. 
In order to obtain the apparent reversal of coagulation the denaturation ex- 
periment is repeated but instead of adding the phosphate buffer the solution is 
N 
allowed to cool and 10 ce. of ~  NaOH are added making it faintly alkaline.  A 
little Na2S9.O4 is added and the mixture allowed to stand for 2 to 3 minutes.  With 
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globin are visible.  The suspension is filtered and  the filtrate gently shaken in 
the air to oxygenate.  The  absorption bands of the soluble, apparently native 
HbO2  can be distinctly seen.  If the heating is at the boiling point (20  ° higher) 
substantially the same result is obtained.  The only difference is that now the 
absorption bands of the soluble oxyhemoglobin are a little fainter.  If this soluble 
HbO2 were merely some native protein that had not been coagulated, hundreds 
of times as much HbO2 would be obtained from the solution heated at 80°C. as 
from that at 100°C. 
In the case of horse hemoglobin the denatured protein is first dissolved in acid. 
Alkali causes secondary changes in the protein beyond mere denaturation.  The 
acid solution is brought to about pH 9 or slightly more alkaline with a KCN-HC1 
buffer.  The solution is then neutralized and the resulting precipitate filtered off. 
The filtrate is saturated with CO and reduced with Na2S204.  Finally ammonium 
sulfate is added.  The amorphous precipitate first found settles to the bottom. 
The pigment in the clear supernatant fluid gradually separates out completely in 
the form of crystalline apparently native carbon monoxide hemoglobin.  Carbon 
monoxide  is  used  because  carbon  monoxide  hemoglobin  is  more  stable  than 
oxyhemoglobin.  Oxyhemoglobin  together  with  methemoglobin  is  obtained  if 
the carbon monoxide is not used and the reducer is oxidized. 
The cyanide buffer solution is made by adding to 1 gm. of KCN dissolved in 
N 
4.16 cc. water 23.13  ~ HC1.  The solution is blue to thymol blue. 
Preparation o/Hemoglobin.  Red corpuscles washed four times with isotonic 
salt solution are shaken up with an equal volume of water and a fifth  the total 
volume of toluol (8).  After the solution has stood  overnight  in  the cold,  the 
toluol and stromata are removed by filtration or centrifugation. 
Heat Coagulated Horse Hemoglobin.  A tube containing 7 cc. of 10.85 per cent 
of horse hemoglobin and 10 cc. of water is placed in boiling water for 3½ minutes. 
The temperature rises to 80°C. in about half a  minute and then gradually goes 
up to a  little over 90°C.  The contents are not agitated, thus facilitating sub- 
sequent  solution of the coagulum.  The tube is placed in cold water for a  few 
N 
minutes.  4 cc. ~ HC1 are poured in (down the side of the tube) without stirring. 
The contents of the tube are mixed gently as the coagulum dissolves and then 
N 
poured into a 50 cc. flask.  4 cc, ~  NaOH and 2.5 cc. of the cyanide buffer solution 
are mixed and added to the flask making its contents faintly alkaline.  A brownish 
red precipitate is observed.  The mixture is allowed to stand for 2 to 6 hours. 
precipitate gradually redissolves.  5 cc. 5  KH2PO4  are  added  to  Most of the 
bring the  mixture  nearer  the  neutral  point,  to  a  pH  of  about  7  to  7.4.  A 
brownish  red  precipitate  is  deposited.  The  suspension is  filtered or  centrl- 
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through  this  and  ~mroediately  a  knife  point  of  solid  Na2S204  is  added  to 
reduce the solution.  The flask is stoppered,  gently  shaken  and  then  allowed 
to stand in the dark for about a half hour.  To the solution is added about  one 
and one-half times its volume of saturated (NI-I4)~  SO~.  The mixture is  allowed 
to stand in the dark for 24 to 48 hours.  A flocculent,  amorphous precipitate 
gradually settles out and is discarded.  The clear, supernatant fluid is poured into 
a tall vessel.  Through this fluid a little carbon monoxide is bubbled.  The vessel 
is stoppered and allowed to stand in the dark.  In the course of a few days large 
crystals gradually appear on the walls and bottom of the flask.  At the end  of a 
month, if not before, practically all of the color has left the solution and there is a 
large deposit of crystals.  There is practically no amorphous matter mixed with 
the crystals.  Some of them are so large that their form can be observed with the 
unaided eye.  They can be washed with a little of the (NH4)~S04 solution.  These 
crystals constitute the soluble apparently reversed protein. 
Horse Hemoglobin Denatured by Acid.  6.5 cc. of the 10.85 per cent horse hemo- 
N 
globin solution are mixed with 10 cc. ~ HCI and the mixture kept at 40°C. for 3 
minutes.  Mter cooling  a mixture of 2.5 cc. of the cyanide solution used above 
N 
to dissolve  the heat coagulum and 10 cc.  ~ NaOH are added to the  denatured 
hemoglobin.  From this point the procedure is exactly the same as that described 
above.  In  some of  our  experiments before obtaining  an  alkaline  solution  of 
denatured protein the acid solution was carefully neutralized, so that the denatured 
protein  precipitated.  This  precipitate  was  thoroughly  washed  with  distilled 
water not only until the washings were colorless, but even until they gave no test 
for chloride.  The precipitate was then dissolved in alkali. 
Horse Hemoglobin Denatured in Acid at  Two Different Temperatures. 
The same yield of apparently reversed hemoglobin is obtained whether 
the protein is heated in acid at 80°C. or 100°C.  The rate of denatura- 
tion  of  oxyhemoglobin is  more  than  a  hundred  times  faster  at  the 
higher than at the lower temperature.  Did the soluble protein come 
from protein which had never been denatured  then one ought to get 
much less soluble protein from the protein heated to 100°C. than from 
the protein heated to 80°C.  Since the same yield is obtained in both 
cases the  final soluble protein  is probably not merely native protein 
which had never been denatured.  Just enough acid is used to prevent 
visible  precipitation.  Boiling  a  neutral  suspension  of  coagulated 
hemoglobin causes the protein to form hard dumps which are hard to 
dissolve.  If the acid is neutralized  immediately after the heating all 
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To 5 cc. of 13.8 per cent hemoglobin are added 7.25 cc. water and 4.75 cc. 
N 
HC1.  The solution is heated for 3{ minutes.  After cooling, a mixture of 
5  NaOH and  2.5  cc.  cyanide bulter is added.  The rest of the procedure  4.75 
is as already described. 
ttemoglobin Denatured by  Urea.  About 15  cc. of the suspension of protein 
denatured by urea prepared as described in the preceding paper are dissolved by 
N 
the addition of 4 c¢. ~  HC1, and  the procedure is  then  completed in the usual 
manner.  The crystals obtained are less perfect than those obtained in the other 
cases, and the yield is smaller. 
The Yield.  The yield in the experiments described in this paper was 
determined  colorimetrically, using  carbon  monoxide hemoglobin in 
ammonium sulfate solution as a standard.  The solutions were taken 
for estimation after the addition of ammonium sulfate, after the sepa- 
ration  of  the  amorphous  precipitate,  but  before  the  separation  of 
crystals.  A part of the solution was always kept to make sure that all 
the pigment would eventually separate out in crystalline form.  The 
solutions contained no pigment other than carbon monoxide hemo- 
globin which could be detected spectroscopically and they matched 
in color the standard solutions. 
In the case of the horse hemoglobin denatured by heating, by acid 
or by heating in acid, the yield of apparently native carbon monoxide 
hemoglobin is  about  30  per  cent  of  the  total  original  hemoglobin. 
Some of the remaining 70 per cent was of course lost in purely me- 
chanical ways. 
We are now investigating the factors influencing the yield and the 
yields obtained when one starts with the "reversed" and the "non- 
reversed" fractions. 
_Part ii.  Comparison  of  Apparently  Reversed  and  Native  Horse 
Hemoglobin 
The chemical changes in the apparent reversal of denaturation and 
coagulation are as obscure as the changes in denaturation itself.  In 
order, however, to prove the possibility of reversal it is not essential 
to  investigate  or  understand  the  mechanism  of  any  intermediate 
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ucts, to show that one starts with  coagulated protein  and  that  one 
finally obtains from it native protein. 
The preceding paper has given the evidence that the initial product 
was completely denatured.  It remains to examine whether the soluble 
apparently  reversed  horse  hemoglobin  finally  obtained  from  com- 
pletely  coagulated  horse  hemoglobin  has  not  only  all  the  general 
characteristics of  native  hemoglobin but  quantitatively  the  precise 
properties of native horse hemoglobin.  The apparently reversed and 
the original native proteins have accordingly been compared quali- 
tatively  in  respect  to  solubility, 1 and  quantitatively  in respect to 
coagulation, crystal form, color, spectrum, reactions with oxygen and 
•  carbon monoxide, and species specificity.  No differences have been 
found. 
The advantages of using hemoglobin, a conjugated protein, are now 
apparent, for due to the union of protein to the iron-pyrrol complex, 
the molecu'le possesses in addition to all the ordinary protein proper- 
ties,  others open  to  exact measurement that simple proteins do not 
possess.  Since  practically  all  of  the  properties  of  the  iron-pyrrol 
complex in hemoglobin are affected by the state of the globin, changes 
in the protein are reflected in the clearly defined behavior of the non- 
protein part of the molecule. 
It is possible that there are differences between the apparently re- 
versed and the original native proteins which have not been detected. 
A deeper knowledge than we now possess of denaturation and reactions 
resulting in apparent reversal may make such differences significant. 
For the present,  however, the most  reasonable  conclusion from the 
experiments described in this paper is that the denaturation and coagu- 
lation  of  hemoglobin,  and  hence probably  of  the  other  coagulable 
proteins,  are indeed reversible. 
The Crystals.  A denatured protein has never been crystallized, but 
the  soluble  hemoglobin  obtained  from  coagulated  hemoglobin  is 
readily  crystallizable.  In  the  present  experiments  the  protein  is 
crystallized by salting out slowly with (NH4)~SO~.  The less concen- 
trated the hemoglobin solution the more salt is needed; on the other 
hand, the less salt used the slower the crystallization, and consequently 
i Quantitative solubility measurements are now being carried out. 140  REVERSAL  OF  COAGULATION  OF  HEMOGLOBIN 
the larger  and more perfectly formed the crystals.  The salt concen- 
tration suitable for crystallizing apparently reversed protein is the same 
as for crystallizing native carbon monoxide hemoglobin from a protein 
solution  of  the  same  concentration.  The  crystals  obtained  (Fig.  1) 
are of the same crystal form and habit as the crystals of native horse 
HbCO.  Most of the further  examination of the apparently  reversed 
protein is of a solution of these crystals. 
FW,. 1 a and b.  (a)  crystals of carbon monoxide hemoglobin; (b)  crystals  of 
"'reversed" carbon monoxide hemoglobin. 
Since the apparently reversed hemoglobin can be crystallized and by 
a procedure not described in this paper crystallized completely in a few 
minutes,  the  apparently  reversed hemoglobin  is  a  definite  pure  sub- 
stance  and not  merely  a  vague  disintegration  product  of denatured 
hemoglobin. 
Sohtbility.  Denatured  hemoglobin is practically insoluble in water 
at its isoelectric point, about pH 6.8.  It does not even color the water. 
The crystals, however, are readily soluble in a pH 6.8 phosphate buffer. 
A deep red solution containing 5 per cent of apparently native HbCO 
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Coagulation.  The solution of apparently reversed protein  can  be 
coagulated by heat.  The temperature of coagulation is a highly char- 
acteristic constant of a protein.  It is, however, affected by salt.  If 
apparently reversed protein dissolved in a  (NH4)2SO4 solution is com- 
pared with a  solution of native HbCO of the same concentration in 
the same salt solution by placing the tubes containing them side by 
side in boiling water, coagulation occurs at the same instant in both 
solutions.  The  temperature  of  coagulation  of  the  apparently  re- 
versed protein is therefore the same as that of the native protein from 
which it is prepared.  The apparently reversed protein can be dena- 
tured by acid, alkali, etc. 
Color.  The color of the apparently reversed protein matches that 
of ordinary horse HbCO, when they are compared in the colorimeter. 
It has already been stated that when (Ntt4)~SO~ is added to the solu- 
tion of apparently reversed protein an amorphous precipitate settles 
out before crystallization occurs.  This precipitate is discarded.  If, 
however, the color of the solution is examined before the removal of 
this substance, the color is distinctly different from that of uncoagu- 
lated protein, showing that with the colorimeter it is possible to detect 
a  small  amount  of  foreign  pigment.  The  apparent  coagulation 
temperature of this  unpurified preparation  may  be  more  than  20  ° 
lower than that of original native protein. 
Absorption  Bands.  The  absorption  spectrum  of  the  apparently 
reversed protein is indistinguishable from that of native hemoglobin. 
With the Hartridge reversion spectroscope the positions of the ab- 
sorption bands can be measured to about 2 ,~. u., but we have been 
unable  to  detect  any  difference in  the  patterns  of  the  absorption 
spectra or the positions of the absorption bands of the HbO~, I-IbCO, 
methemoglobin,  or  sulfhemoglobin  obtained  from  the  apparently 
reversed and the original native protein. 
Combination with Oxygen.  Denatured hemoglobin does not form 
that loose combination with oxygen so characteristic of hemoglobin. 
The apparently reversed hemoglobin combines loosely with oxygen 
and can be oxygenated and reduced repeatedly. 
Gas A~nities.  Hemoglobin combines loosely with both oxygen and 
carbon monoxide.  If hemoglobin is exposed to  a mixture of the two 
gases at equilibrium,  part of  the pigment is combined with  oxygen 142  REVERSAL  O~  COAGULATION  OF  HEMOGLOBIN 
and part with carbon monoxide.  The reaction obeys  the mass  law 
equation. 
[HbCO] [O2I  K 
[HbO~l [COl 
K, the equilibrium constant, is a  measure of the relative affinities of 
hemoglobin for the two gases and is different for each species of hemo- 
globin.  Barcroft, Oinuma and the writers (1)  showed that K  can be 
predicted from purely spectroscopic measurements, being  a  function 
of the number of Angstr6m units separating the a  bands of oxy and 
carbon  monoxide hemoglobins.  Since these bands  are in  the same 
positions in the apparently reversed hemoglobin as in ordinary native 
hemoglobin, one would expect the K's to be the same in both cases, 
too.  This we have found to be the fact3  The technique has already 
been described (1).  To make sure that equilibrium was reached, the 
equilibrium was approached from both sides. 
In developing the method for determining K  it was found possible 
to estimate the relative quantities of HbO2 and HbCO in a  mixture of 
both by measuring the position of the a  absorption band of the mix- 
ture.  The position of this band is a function of the composition of the 
mixture.  This function is exactly the same for Hb02  and  HbCO of 
apparently reversed hemoglobin as it is for original  hemoglobin.  In 
one more way, therefore, the spectroscopic properties  of  apparently 
reversed hemoglobin are quantitatively the same as those of  native 
hemoglobin. 
Species  Characteristics.  By means of crystal form and by spectro- 
scopic and gas affinity measurements (1)  the hemoglobins of different 
species are easily distinguished.  The soluble, apparently native hemo- 
globin  prepared  from  coagulated  horse  hemoglobin even  by  these 
sensitive  tests  cannot be  distinguished not only from native hemo- 
globin  in  general but  from  native  horse  hemoglobin in  particular. 
This is especially interesting because, as we have already shown (2, 3) 
denatured hemoglobins of various species cannot be distinguished from 
each  other  by  spectroscopic  or  gas  affinity  measurements.  After 
apparent reversal of coagulation the species characteristics once more 
become observable. 
2 This experiment was performed only once, though in duplicate, so a repetition 
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SUMMARY 
1.  The  preparation  from  completely  coagulated  hemoglobin  of 
crystalline soluble hemoglobin is described. 
2.  This  soluble hemoglobin by all  the tests  tried has  been indis- 
tinguishable  from normal native hemoglobin which has  never been 
coagulated. 
3.  The coagulation of hemoglobin is probably reversible. 
4.  Since hemoglobin is a  typical coagulable protein, protein coagu- 
lation in general is probably reversible. 
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